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ABSTRACT 
 Data from a 5-year study was used to look at the effects of housing (shelter or no shelter), 
diet (high moisture corn grain or corn silage), maximal and minimal daily temperature, day of year 
(beginning with January 1st), dry matter intake (DMI), and body weight on water intake of steers.  
Steers were started on a particular ration four times per year coinciding with the start of each 
season.  These steers were put into a feedlot with one of two housing treatments, one-half of the 
feedlots were sheltered (S) pens, and one-half were no shelter (NS) pens.  Within housing one-half 
of the feedlots of cattle were fed high moisture corn grain (HMC) based diets and one-half were fed 
diets that were predominately whole plant corn silage (CS).  Daily water recordings for each pen of 
cattle were used to calculate average daily water intake (DWI) per steer by subtracting each week’s 
recording from the previous week’s recording and dividing this difference first by the number of 
steers per pen and then by the number of days in a week.  These data were used to produce four 
regression plots comparing average DWI of steers per feedlot within week with respect to average 
maximal weekly temperature (Tmax), average minimal weekly temperature (Tmin), the day of year, 
and average steer weight per pen.  To examine this information in more detail, data were separated 
into groups based on whether the steers were provided S or NS and on whether the steers were fed 
principally HMC or CS diets.  The average DWI for these groups were compared with respect to 
Tmax, Tmin, and day of year, but not for average steer live weight because this variable had a very 
small coefficient of determination in the overall data evaluation.  This process created 12 new 
regression plots.  Additionally, data was grouped into categories based on whether the steers were 
provided S or NS and on whether the steers were fed HMC or CS.  These data were evaluated in the 
same manner as the previous data set, creating 12 additional regression plots, bringing the total to 
28.  It was concluded that Tmax is the best variable that can be used to predict water intake for 
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steers with a R² value from a polynomial regression of 0.49, followed by Tmin with R²=0.41, day of 
year with R²=0.43, and live weight of steers with R²=0.05.  The group of cattle that consumed water 
correlating best with Tmax, Tmin, and day of year was found to be the feedlot with grain-fed cattle 
not provided shelter, for which Tmax had an R² value of 0.73, Tmin an R² value of 0.64, and day of 
year an R² value of 0.62.  From further data analysis with SAS (SAS Inst. Inc., Cary, NC) it was found 
that log water intake showed an increase as Tmax or DMI increased (P<0.01).  The rate of increase in 
water intake was lower for CS diet for Tmax and DMI (P<0.01).  Mean log water intake values were 
different between CS and HMC diets as well (P<0.01).  However, the mean log water intake was not 
different between the S and NS, but the rate of increase in water intake with respect to increased 
temperature was higher for the cattle with NS (P<0.01).  The Tmin was not included in the SAS 
analysis because of multicollinearity with Tmax.   With the SAS program the following equation for 
predicting steer water intake was created in which Tmax = the maximal weekly temperature average 
in °F, DMI = amount of DMI in lb, housing = 0 if S and housing = 1 if NS, diet = 0 if HMC and 1 if CS. 
When using the appropriate estimates from the solution for fixed effects generated with SAS the 
following formula was created and can be used for predicting steer water intake as log(water intake) 
= 0.43750 + 0.43790*diet + 0.01528*Tmax + -0.00314*Tmax*diet + 0.01349*DMI + -
0.00914*DMI*diet + 0.00162*Tmax*housing.   
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CHAPTER 1. INTRODUCTION 
 Limited information exists on water consumption of steers throughout the year in the 
midwestern United States.  This study provides useful planning information for midwestern cattle 
producers when constructing a feedlot, because it helps to determine the number and depth of 
wells needed to support a given number of cattle throughout the year.  It is also possible that in the 
future water availability may become somewhat limited in certain areas, increasing the usefulness 
of more precise understanding as to what affects steer water intake.   
In the United States, beef cattle alone have been found to use an estimated 760 billion liters 
of water per year in a study conducted nearly 2 decades ago (Beckett and Oltjen, 1993).  Even 
though no recent estimates have been conducted, the water required for this purpose has most 
likely increased, considering that the size of the total U.S. beef herd has increased.  With the 
importance of this nutrient, it is no wonder that, over the past several decades, considerable 
research has aimed at determining the average daily water intake (DWI) of feedlot steers 
(Winchester and Morris, 1956; Hoffman and Self, 1972; Arias and Mader, 2011).  The results of these 
studies have varied somewhat, most likely partially because of differences between herd types and 
geographical location of the feedlots used.  There are many variables that could affect steer water 
intake, including but not limited to the following: climatic factors, type of diet, health of cattle, 
quality of available water, age and size of animal, and rate of gain.  These possible interactions make 
predicting water intake a difficult task.  Among the climatic factors affecting water intake, 
temperature or thermal heat stress has gained the most attention (Winchester and Morris, 1956; 
Hicks et al., 1988; Arias and Mader, 2011).  Research has focused on how cattle respond to heat 
stress by investigating evaporative cooling, by measuring panting, sweating, and the effectiveness of 
sprinklers at relieving heat stress (Morrison et al., 1973; Gaughan et al., 2000; Gaughan et al., 2004).  
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The amount of dry matter intake (DMI) has also been compared to the amount of DWI, and there is 
in fact a relationship between them (Hicks et al., 1988; NRC, 2001).  This correlation is what led to 
energy restriction studies and various feeding-time studies that were found to affect thermal stress 
(Brosh et al., 1998; Holt et al., 2000; Mader et al., 2002).  Finally, the effects of providing shelter vs 
no shelter have been compared and the impacts on DWI were evident (Hoffman and Self, 1972).   
The DWI of steers was most recently investigated at the University of Nebraska (Arias and 
Mader, 2011).  Their study examined correlations between DWI and environmental factors, 
including mean ambient temperature, maximal temperature, minimal temperature, precipitation, 
relative humidity, solar radiation, wind speed, and temperature humidity index.  Other factors that 
have been evaluated are the effects of providing shelter vs no shelter on DWI of steers (Hoffman 
and Self, 1972).  One of the earliest evaluations of water consumption was by Winchester and 
Morris (1956) who looked at the relationships of ambient temperature and DM consumption to 
water intake with the hope of being able to predict water intake rates for a large group of cattle.  
They found that water consumption can be decreased over brief periods of time by limiting DMI.  
They then estimated DWI of the various types of cattle such as yearling or weanling steers or heifers, 
cows, and bulls. 
The cattle industry has changed in many ways over the past 50 years, and so an updated 
evaluation of water intake could be helpful.  Average harvest weight has increased and the genetic 
pool has changed, with more contribution from black cattle (Angus and Simental) for certified Angus 
beef (CAB) eligibility. The CAB requirement being that cattle are at least 51% black and meet a list of 
10 characteristics associated with quality. The use of growth implants has increased as well, that is 
implants containing androgenic or estrogenic compounds designed to be slowly released usually 
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from the ear to promote growth.  For these reasons, updated evaluations of steer water intake are 
helpful. 
This study investigated the average DWI of steers over a five-year period.  The average DWI 
of steers was regressed over variables including average weekly maximal temperature, average 
weekly minimal temperature, time of year, and average live weight of the cattle.  Also, a statistical 
analysis using SAS (SAS Inst. Inc., Cary, NC) was used, in which an equation for predicting water 
intake was created.  The factors included in this equation include housing (shelter or no shelter), 
diet (high moisture corn grain or corn silage), Tmax, and DMI.  After an intensive literature review, it 
was decided that these factors would be the most useful to investigate.  Considering that aside from 
a recently published study by Arias and Mader (2011) no previous study has done a regression of 
these factors on water intake.   
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CHAPTER 2. LITERATURE REVIEW 
Total Water Use of U.S. Beef Herd 
In 1993, it was estimated by Beckett and Oltjen that beef cattle in the U.S consume 760 
billion liters of water per year.  The water data used to estimate this value included the water 
consumed by animals, that used to produce feed, and that used to process the cattle into boneless 
beef at the harvesting facility.   
Of the total water used for beef cattle production, most goes into production of crops that 
are consumed by beef cattle (Oltjen, 1991), considering all water used by the crops, from both 
precipitation and irrigation.  Irrigation of crops accounted for 12,991 billion liters of water per year, 
and pasture accounted for 11,243 billion liters of water per year.  
 A considerable amount of water is also utilized in the processing of carcasses.  In fact, a 
harvest facility in California calculated the amount of water used in processing steps from slaughter 
to trimmed boneless beef and found that 1,533 L/carcass were used (Beckett and Oltjen, 1993).  
Therefore, the 33.3 million head harvested in 2009 (according to the USDA Livestock Slaughter 2009 
Summary) would have required 51 billion liters of water for processing at the harvesting facilities.  
This figure is less than the estimate by Beckett and Oltjen (1993), who increased the estimated 
water amount used at the processing plant by 50%, resulting in an estimated 78.5 billion liters of 
water required to process beef for that year.  One should also note that the estimated number of 
cattle harvested per year, 28.4 million in 1993, is less than USDA’s 2009 estimate of 33.3 million 
head.  The calculations of Beckett and Oltjen (1993) concluded by estimating that each kilogram of 
boneless beef produced in the U.S. requires 3,682 L of water to be produced.  The results of their 
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study suggest that the most practical way of reducing total water used for beef production is by 
decreasing irrigation or improving current irrigation methods. 
Earlier studies have suggested that the amount of water used per kilogram of boneless beef 
produced is much higher.  Robbins (1987) estimated that it requires 20,864 L of water per kilogram 
of boneless beef produced while Kreith (1991) suggested that the actual cost is 20,559 L of water 
per kilogram.  These estimates are perhaps less reliable, considering that they took into account 
only one production situation, according to Beckett and Oltjen (1993). 
Water as a Nutrient 
Water is an important nutrient, and a proper amount of water must be made available to 
cattle to ensure that all their needs can be met.  Water is described by the NRC (1996) as a nutrient 
“needed for regulation of body temperature as well as for growth, reproduction, and lactation; 
digestion; metabolism; excretion; hydrolysis of protein, fat, and carbohydrates; regulation of 
mineral homeostasis; lubrication of joints; nervous system cushioning; transporting sound; and 
eyesight.  Water is also an excellent solvent for glucose, amino acids, mineral ions, water-soluble 
vitamins, and metabolic waste transported in the body.”  It is essential that near-constant levels of 
water are maintained in the body for normal tissue function.  Although restriction of water is not 
recommended because it decreases feed intake and thus rate of weight gain, it has been found that 
it can result in improved apparent digestibility and nitrogen retention (Utley et al., 1970).  Similar to, 
the need for energy from food, cattle also feel the need for water as thirst.  This thirst mechanism is 
activated by an increase in concentration of electrolytes in body fluids of cattle (NRC, 1996).   
Daily water intake (DWI) values have been reported in a number of fairly large and 
comprehensive studies, and these values vary slightly among the studies (Hoffman and Self, 1972; 
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Parker et al., 2000; Arias and Mader, 2011).  Perhaps this slight variation should be expected 
considering the variability of conditions among these studies.  For example, Arias and Mader (2011) 
used cattle data from several different experiments.  Among the experiments used in this study 
some had sprinkling routines and some not.  Also, some experiments used all heifers and others all 
steers.  So water intake values were collected from conditions that may impact water intake, for 
example, sprinkling routines are known to affect heat stress and heat stress is known to be related 
to water intake (Morrison et al., 1983; Arkin et al., 1991; Armstrong, 1994).  Furthermore, sprinkling 
routines have been shown to affect feed intake which is closely tied to DWI (Morrison et al., 1973; 
Hicks et al., 1988). Perhaps the variation among these experiments affected the DWI of the cattle 
that were involved. The cattle used by Hoffman and Self (1972) were of similar breed makeup but, 
unlike the cattle of Arias and Mader (2011), they were separated on the basis of shelter or no 
shelter and were fed a slightly higher-concentrate diet.   Also, none of these cattle were provided a 
sprinkling routine. The cattle used to calculate DWI by Parker et al. (2000) were from a feedyard 
located in Texas where temperatures are higher during the summer than they are in the Midwest 
where Arias and Mader (2011) and Hoffman and Self (1972) conducted their experiments.   
 Arias and Mader (2011) found that cattle on average consumed 32.4 liters per animal daily 
during the summer months.  Hoffman and Self (1972) also found that steers without shelter 
consumed 32.6 liters per animal daily during the summer months.  Interestingly, these two studies 
both reported similar values for the winter months also, e.g., 18.7 and 17.3 liters for Hoffman and 
Self (1972) and Arias and Mader (2011), respectively.  These small variations in water intake could 
easily result from slightly different temperatures between the different years or different feedlot 
locations.   Also, slight differences in diets or size of cattle at market weight could have had an effect 
on DWI.  Parker et al. (2000) found that steers in their feedyard of 50,000 head of cattle consumed 
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36.4 liters of water daily during the summer months.  This was more than observed in the previous 
two studies discussed, but this study took place in the Texas high plains where temperatures are 
much higher during the summer than those in the Midwest.  
Water as a Coolant 
Evaporative cooling is the mechanism used by cattle to release body heat and decrease their 
thermal heat load.  The use of evaporative cooling requires that cattle increase DWI to compensate 
for the loss of body moisture (Morrison, 1983).  Water works well for evaporative cooling because it 
has higher values of latent heat of evaporation and thermal conductivity than any other liquid.  High 
thermal conductivity means that heat can be removed and dissipated from locations deep within 
the body.  Also, this form of cooling is very efficient because water removes a considerable amount 
of heat from the skin upon evaporation because it has a higher latent heat of evaporation than any 
other liquid or solid.  The latent heat is the amount of heat absorbed or released by the animal as 
water changes its state from liquid to gaseous without a change in temperature.   
Water uses approximately 2260 J of heat when changing from a liquid to a gas, a situation 
that can result from sweating or panting.  Evaporation of water from the skin is not something that 
can be measured with accuracy, but measuring the escape of water from the body via panting or 
respiration can be measured successfully (Gaughan et al., 2000). 
When the environmental temperature is higher than the animal’s temperature, evaporative 
cooling becomes the only effective method for dissipating heat.  This makes it difficult for cattle to 
manage body heat at extremely hot temperatures because they have limited ability to sweat.  The 
main limitation of evaporative cooling is the rate of moisture secretion from the skin.  As a final 
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factor, relative humidity limits the ability of an animal to cool itself by evaporative cooling (Kibler 
and Brody, 1952). 
It is recommended that the water be supplemented in times of extremely hot conditions, 
because a large amount of potassium is lost in sweat.  In hot weather conditions, potassium and 
sodium concentration should be increased in the ration (Stokka et al., 1996).  Potassium 
supplementation has proven to increase energy recovery, feed efficiency and to decrease liver 
abscesses when fed potassium carbonate at 1% of diet compared with only 0.75% of diet (Sexson et 
al., 2010).  Potassium has many metabolic functions in cattle, including maintaining acid base 
balance and osmolarity in the body (NRC, 1996).  Potassium is also involved in carbohydrate and 
protein metabolism as it serves as a cofactor in certain enzymes.  Providing potassium in finishing 
diets as potassium chloride (KCl) is a common practice among cattle producers.  This addition does 
not, however, affect dietary cation-anion balance (DCAB).  Supplementing it using potassium 
carbonate will increase the DCAB (Sexson et al., 2010) and increasing DCAB has proven to have 
many positive effects, including  increase in milk yield in dairy cows (Tucker et al., 1988), ADG of 
steers (Ross et al., 1994a,b), and G:F ratio of growing steers (Ross et al., 1994a).  This altered DCAB 
has also been shown to increase DMI in heat-stressed cows, resulting in increased DWI (West et al., 
1992).  It was found that DMI increased linearly in proportion with increasing DCAB from K or Na 
supplementation (West et al., 1992). 
It was also found that water could serve as a coolant in more ways than originally thought.  
Reducing the temperature of drinking water during night time when air temperatures are lowest 
was found to help eliminate excessive heat load.  In fact, supplying cooled drinking water decreased 
respiration rate, mean skin-surface temperature, and rectal temperature (Purwanto et al., 1996). 
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Dry Matter Intake, Daily Water Intake, and Environment 
Dry matter intake is the amount of feed consumed without counting the weight coming 
from moisture in the feed.  Daily water intake is the amount of water consumed by an animal from 
drinking.  In this discussion, the water intake from feed will not be included because it was found to 
have a negligible impact on overall water intake (Winchester and Morris, 1954).  Depending on the 
amount of total energy and energy density in a diet the DWI can increase or decrease.  It was found 
by Brosh et al. (1998) that heifers fed high amounts of energy in their diet had greater water intake, 
DMI, metabolizable energy intake, and energy expenditure, and they also retained more energy 
than did those fed a low energy diet.  The rate of water intake per unit of DMI is fairly constant at 
environmental temperatures of -12 to 4 ˚C but increases at an accelerated rate with environmental 
temperature beyond 40˚C (Winchester and Morris, 1954). 
It was found by Mader et al., 2004 that water intake per DMI ranged from 0.96 to 1.33 L/kg.  
Hicks et al., 1988 developed the following equation by using DMI and maximal temperature as the 
major factors:  water intake (gallons/day) = -4.939 + (0.104 * maximal temperature (1˚F)) + (0.292 * 
DMI, (lb/day)) - (2.597 * precipitation (cm)) - (1.174 * dietary salt level (%)).  The equation above 
represents total water intake, largely from free water consumed.  NRC (2001) and Hicks et al. (1988) 
found that DWI tends to increase with increased DMI and vice versa.  The positive DMI and DWI 
relationship only seems to be the case, however, during moderate temperature changes.  In cases of 
extreme heat, water intake tends to increase with increased temperature while DMI will decrease; 
opposite effects can be seen during extremely low temperatures (NRC, 2001).  Gaughan et al. (2010) 
found that, during a heat wave, DMI was 51% less for non-sheltered steers and 39% less for 
sheltered steers compared to the pre-heat wave period.  According to Winchester and Morris (1956) 
the decline in feed intake for non-lactating cattle only begins after temperatures reach 32˚C.  
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However, lactating cows begin to consume less once the temperature reaches 21˚C, the top of their 
thermal neutral zone.  According to the NRC (2001), the DMI of feedlot cattle begins to decline at 
about 25 to 27 ˚C.   
  A small amount of water from feed intake does make up a portion of total water intake.  
On a typical ration of hay or grain the amount of water from feed does not exceed 1.1 L a day unless 
the feed is consumed by a lactating cow, and even in this case it will unlikely exceed 1.9 L per day.  
This makes up a small portion of total water ingested if one considers how much cattle drink on an 
average day.  However, if cattle are fed a high moisture diet such as pasture or corn silage, the 
amount of water coming from feed intake is no longer negligible (Winchester and Morris, 1956).   
Contrary to expectations, to decrease free-water requirements, the total feed intake must 
be reduced, i.e., cattle consume less water when their feed is restricted (Winchester and Morris, 
1956).  On the other hand, cattle fed a diet with increased salt concentrations consumed 40 to 60% 
more water (Kelly et al., 1955).  Furthermore, it seems that protein intake is related to water intake 
as Ritzman and Benedict (1924) found that increasing protein in the diet increased water intake. 
Rectal temperature, pulse rate, respiration rate, heart rate, and oxygen consumption were 
all decreased in a group of cattle fed an all-forage diet compared with a group that was fed an 80% 
concentrate and 20% roughage diet (Brosh et al., 1998).  This suggests that the amount of energy 
consumed by cattle plays a role in body temperature or susceptibility to heat stress. 
Thermal Heat Stress 
Heat stress from extremely high-temperature periods can have a significant impact on beef 
cattle performance and thus a producer’s ability to make a profit in a given year.  Summer heat load 
has been reported to negatively affect cattle health and performance in both the United States and 
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Australia (Gaughan et al., 2004; Mader et al., 2007; Koknaroglu et al., 2008).  The heat waves of 
1995 and 1999, for example, resulted in an economic loss to cattle feeders in Iowa and Nebraska, 
with an estimated cost exceeding $20 million dollars per state (Busby and Loy, 1996; Hahn and 
Mader, 1997; Mader et al., 2001).   
Cattle may begin to experience heat stress or cold stress when temperatures fall outside the 
thermal neutral zone (Figure 1).  The figure shows what happens to metabolism and body 
temperature when temperatures fall outside the thermal neutral zone (Brody, 1945).  When cattle 
experience heat stress, maintenance requirements are increased and each animal’s appetite is 
decreased.  The increased amount of panting that occurs when cattle overheat results in decreased 
time in ruminating and eating.  By ingesting feedstuff, the actual heat load of the animal is increased 
(Stokka et al., 1996) because metabolic activity must increase in order to digest this feedstuff.  
Under thermal stress, cattle will not only experience increased maintenance requirements and 
reduced consumption, but growth rates, milk yields, and reproductive performance could also suffer 
enough to result in economic losses (Beede and Collier, 1986).   
Figure 1. Effects of ambient temperature (Brody, 1945). 
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There are a number of ways in which heat stress can be identified, and some are believed to 
be better than others.  The DMI and DWI have both been found to be related to heat stress, but 
body temperature and respiration rate are more reliable indicators. They have also been shown to 
be much more difficult to measure in the field on a large number of cattle (Hahn et al., 1997; 
Gaughan et al., 2000; Brown and Brandl et al., 2005).  Measurement of panting scores has been 
found to be one of the more reliable measurements of heat load status under typical feedlot cattle 
research conditions (Mader et al., 2001; 2006; Gaughan 2004).  The threshold of the amount of heat 
required to trigger a change in any of these quantities has varied among studies.  By using 
respiration rate as an example, Gaughan et al. (2008) found that respiration rate began to increase 
at 25°C, while Hahn and Mader (1997) and Eigenberg et al. (2005) found that the threshold for 
increased respiration rate ranged from 25 to 30°C. 
Gaughan et al. (2008) developed a heat load index (HLI), replacing an older model the 
thermal heat index (THI), for measuring heat stress.  The heat load index formula is HLIBG>25=8.62 + 
(0.38 x RH) + (1.55 x BG) – (0.5 x WS) + e(2.4-WS), and HLIBG<25 = 10.66 + (0.28 x RH) + (1.3 x BG) – WS. 
Black globe (BG) temperature (°C) is the threshold for what part of the formula to use, the formula 
also includes relative humidity (RH), wind speed (WS), and e the base of the natural logarithm.  The 
THI only incorporated temperature and humidity and has been used as an indicator of thermal 
stress in cattle (Hahn and Mader, 1997; Gaughan et al., 1999).  Because it only incorporates 
temperature and humidity, its usefulness has been limited (St-Pierre et al., 2003; Brown-Brandl et 
al., 2005; Mader et al., 2006).  The HLI additionally accounts for solar radiation and wind speed, 
making it a more realistic tool for predicting heat stress. 
There are three basic management strategies that may help decrease economic losses due 
to thermal stress.  The first possibility is changing the environment of the animal, e.g., adding shelter 
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(Buffington et al., 1983).  The second possibility is modifying genetics of the herd to make it less 
heat-sensitive.  This could be done by adding genetics from certain heat-tolerant breeds to the herd 
(Finch, 1986).  The third alternative is using an improved nutritional management method (Beede 
and Collier, 1986), through altering feed consumption (Holt et al., 2000; Mader et al., 2002), feeding 
time (Brosh et al., 1998), and dietary energy concentration (Mader et al., 1999). 
In a hot environment, animals need to release excess heat from their body by 
thermoregulation mechanisms.  It has been found that productivity of ruminants is a function of 
both their intake of metabolizable energy and their overall heat production.  Climatic factors affect 
body heat and feed intake and consequently affect productivity and efficiency of feedstuff 
utilization.  In cold environments, the effects of cold on animals can result in adaptive changes 
marked by changes in appetite, digestion, and metabolism (Young, 1983).  
 Seyle (1976) evaluated the physiological response of animals to environmental stresses 
such as extreme heat or cold.  Environmental stresses like these cause a fight or flight response that 
involves redirection of blood flow from digestive processes to essential organs such as the heart and 
lungs.  In hot conditions, this response allows for increased respiration and heart rate in beef cattle.  
A series of physiological events may take place in response to environmental stress.  This response 
includes the release of catecholamine from adrenergic neurons, followed by the release of 
adrenocorticotrophic hormones from the anterior pituitary; this will ultimately cause the release of 
corticoid hormones from the adrenal cortex.  The release of corticoid hormones will cause a change 
in physiological activities.  The effects of corticoid hormones include increase in energy supply and 
availability.  Seyle (1976) calls this “general adaptation syndrome” and believes that such long-term 
effects are detrimental to animals’ well-being, and can result in reduced growth and reproductive 
ability. 
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Metabolic responses may be energetically expensive if continually used for a long period of 
time; so animals develop adaptive mechanisms to cope with prolonged or repeated exposures 
(Young et al., 1989).  Physiological adaptation is modification of an animal’s behavioral or metabolic 
responses in response to a previous experience that improves the ability of the animal to respond to 
that same stimulus in the future.  If no environmental challenge is presented, the animal is in a 
neutral zone and will not expend excess energy to keep its body in homeostasis.  The thermal 
neutral zone is defined as the range of ambient temperature within which an animal’s short-term 
metabolic heat production is independent of ambient temperature (NRC, 1981).  Figure 2 from 
Young et al. (1989) shows the change in metabolism in response to ambient temperature. 
 
 
 
Three types of physiological adaptation methods have been discussed in the past (Hart, 
1957; Webster, 1974; Yousef, 1985), including: acclimation of tissues and organs to a complex set of 
Figure 2. Relationship between ambient temperature and metabolic response of animal before (solid line) and after 
adaptation (dashed line) to cold. A to B (and A’ to B’) represent thermal neutral zones: summit metabolism (SM) is 
maximal cold-induced metabolic thermogenesis (Young et al., 1989). 
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naturally occurring environmental variables, acclimation or adaptation to a single environmental 
variable, and habituation, a reduced response to repeated environmental stimuli. 
The effects of a cold environment has received much less attention than extreme heat, most 
likely because cattle, compared to other species like poultry and swine, have a very low lower 
critical temperature of <-20°C.  Poultry and pigs have a lower critical temperature of >20°C (NRC, 
1981).  Air temperature alone is not sufficient in describing the environment and rate of heat loss 
from an animal (NRC, 1981), because both wind and moisture will decrease the insulation 
capabilities of an animal’s coat and increase the rate of heat leaving the body (Young et al., 1989).  If 
the amount of heat leaving the body is greater than the amount being produced, animals may 
increase their metabolic heat production by either shivering or non-shivering mechanisms.  These 
methods of warming are accomplished either by rapid muscle contractions in response to peripheral 
motor control, or by an increase in cellular metabolism via sympathetic hormones, respectively 
(Montieth and Mount, 1974).  In response to periods of prolonged cold exposure, gut motility and 
rate of digesta passage are known to increase because of increased thyroid gland activity.  This 
increased rate of passage actually decreases the digestion of fibrous materials, because microbes 
need time to degrade complex material (Young, 1981, 1985). 
It has been found that limiting energy intake decreases basal metabolic heat production, 
reducing the overall metabolic heat load during very high temperature intervals (Carstens et al., 
1989).  In fact, reduction in feed intake has proven beneficial in reducing susceptibility of feedlot 
cattle to heat stress (Brosh et al., 1998; Holt et al., 1999; Mader et al., 2002).  Reducing heat stress 
during times of especially high temperatures is important for animal well-being and preventing 
possible hyperthermia (Davis et al., 2003).  Mader et al. (2002) found that steers with 70 to 80 
percent restricted feed intake for 21 or 42 days, respectively, had a 0.3°C lower tympanic 
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temperature than did steers fed ad libitum during heat-stress conditions.  Davis et al. (2003) found 
similar results, showing a 0.5°C reduction in tympanic temperature for limit-fed steers compared to 
those fed ad libitum.  The extent of reduction and duration of reduction of body temperature is 
believed to vary considerably (NRC, 1996) and can actually result in increased efficiency of cattle in 
thermoneutral environments (Murphy and Loerch, 1994). 
The restriction of feed intake over short periods of time to reduce the available substrates 
available for digestion and production of body heat seems practical.  However, using feed restriction 
over long periods of time is not practical, because this may result in long-term effects such as 
reduction in organ size (Koong et al., 1985; Burrin et al., 1990; Lapierre et al., 2000).  This should not 
be an issue in most parts of the United States, because periods of extreme heat usually do not last 
for months at a time without breaks of moderate temperature. 
Feeding cattle in the afternoon or evening was found to be a good way to prevent both peak 
metabolic and environmental heat occurring at the same time (Reinhardt and Brandt, 1994).  The 
opposite result was reported in a more recent study by Davis et al. (2003), which suggested that 
feeding in the afternoon may have a negative effect.  From a management perspective, it is more 
convenient to feed cattle in the morning, because workers are generally available throughout the 
remainder of the day to care for any problems or needs essential with the feeding operation. 
Black-haired animals seem to be especially susceptible to heat stress.  Arp et al. (1983) 
found that body surface temperatures for black animals were as much as 5.6°C greater than for red-
haired cattle and as much as 11.7°C greater than those for white-haired cattle.  Even rectal 
temperatures were found to be 0.3°C higher in dark-red cattle vs those of white-haired Bos taurus 
cattle.  These differences are believed to be attributed to greater temperatures at the skin (Finch et 
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al., 1984), and the results imply that the upper critical temperature of dark-haired cattle may be 
lower than it is for light-haired cattle. 
  There are methods for dealing with extreme heat, especially for cattle that may be more 
susceptible to over-heating.  Using sprinklers during times of high environmental heat has proven to 
improve feedlot cattle performance (Morrison et al., 1973; Morrison et al., 1981) and has also 
proven to decrease body temperature during times of high environmental temperatures (Igono et 
al., 1985; Arkin et al., 1991; Armstrong, 1994).  Also, the use of a sprinkling routine was found to 
increase DMI by 17% and ADG by as much as 20 to 28%.  This study ran sprinklers for cattle every 30 
minutes when temperatures reached 27°C (Morrison et al., 1973).  Another closely-related study 
compared activation temperature of sprinklers and found that activating sprinklers at 22°C rather 
than 32°C increased DMI by 5% and increased gains by 7% (Morrison et al., 1981).  Also, the time of 
day cattle receive sprinkling has been shown to have an impact, as Mader et al. (2004) found that 
cattle receiving a morning sprinkling regimen before temperatures reached their maximal values 
performed better than did those that were allowed sprinkler access only in the afternoon.  Another 
study examined the benefits of a sprinkling routine for steers and heifers.  It was found that, 
although the group of heifers with a sprinkling routine experienced 20% faster rate of gain, the 
steers did not experience any improved rate of gain (Garner et al., 1989).  The improved rate of gain 
experienced by the heifers was believed to be a result of the heifers being fatter than the steers 
(Mader et al., 2001; Busby and Loy, 1996).  Arkin et al. (1991) found that the amount of heat 
dissipated from an animal increases linearly with the degree of water saturation of the animals coat 
until the coat reaches complete saturation. 
 In dairy cattle, there is a significant economic benefit to allowing access to sprinklers during 
hot temperatures (Wiersma et al., 1973).  The economic benefits of providing sprinkler access to 
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feedlot cattle is less noticeable, possibly because beef cattle experience compensatory gain 
following periods of low ADG (Baccarri et al., 1983).  However, sprinkling feedlot cattle does improve 
animal well-being and decreases body temperature during hot weather conditions (Davis et al., 
2003).  For this reason alone, the use of sprinklers should be considered. 
Shelter and No Shelter 
 In the United States, many cattle are provided shelter for protection from wind, 
precipitation, and sunlight, in the belief that producers will see improved performance.  However, 
the results from studies are somewhat mixed.  Shelter has been shown to decrease the incidence of 
disease, animal loss, and loss of productivity during severe weather; yet, economic advantages are 
not always there (Young 1983).  Some have shown that cattle have increased ADG when provided 
shelter (Mitlohner et al., 2002; Koknaroglu et al., 2005; Gaughan et al., 2010), whereas others have 
determined that shelter does not improve ADG (Clarke and Kelly, 1996; Koknaroglu et al., 2008).  As 
one might expect, shelter reduced daily water intake during the summer (Hoffman and Self, 1972; 
Gaughan et al., 2010).  In fact, Hoffman and Self (1972) showed a significant relationship between 
shelter and season with respect to water consumption.   
The degree in which DWI coincides with temperature was demonstrated in a study by 
Gaughan et al. (2010).  In this study, preceding an Australian heat wave, DWI was 41.3 and 39.1 
L·steer-1·d-1 for unshaded and shaded cattle, respectively.  The difference in DWI was much more 
dramatic during the heat wave.  Unshaded cattle consumed an average water volume of 66.8  
L·steer-1·d-1, compared to shaded cattle that consumed 56.8 L·steer-1·d-1. 
Although the rate of gain has not always increased in response to shelter, shelter does in 
fact decrease heat load of cattle and makes them more comfortable in extreme weather conditions 
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(Gaughan et al., 1998; Brown-Brandle et al., 2005).  As one might expect, cattle seek the shade 
during periods of increased temperature and solar radiation (Bennett et al., 1985).  Also, shade has 
proven to reduce mortality in extreme weather conditions (Busby and Loy, 1996). 
 It was found by Koknaroglu et al. (2008) that average and daytime temperatures had the 
greatest impact on DMI for cattle in outside feedlots with access to overhead shelter.  They also 
found that nocturnal, peak, and average temperatures were the most significant factors affecting 
DMI of cattle with no access to overhead shelter during the summer months.  The idea of nocturnal 
temperatures playing a role in DMI of non-shelter cattle is in agreement with findings of Arias and 
Mader (2011) with respect to water intake.  They found that daily minimal temperature was one of 
the most important factors affecting daily water intake for their group of cattle that incidentally did 
not have access to overhead shelter.   
 The daily feed intake or DMI has a significant impact on a cattle producers success; so, one 
ideally wants to move cattle in and out of the feedlot as quickly and efficiently as possible.  The DMI 
has been shown to decrease in the summer months as a result of excess heat load; however, on its 
own DMI is not a good indicator of heat stress.  Decreased DMI should only highlight the impact that 
thermal stress can have on a cattle producers success rather than be used as a sole indicator of 
whether or not cattle are experiencing heat stress.  Over-heating is not only reflected in the amount 
of feed and water cattle consume, but also by the body temperature of cattle, which is something 
that  has proven to be difficult to measure under field conditions in large herds of cattle (Mader et 
al., 2002; Davis et al., 2003; Mader, 2003).  On the other hand, measurement of panting and/or 
respiration rates have proven successful in determining heat-load status and are perhaps better 
measurements than body temperature under field conditions (Gaughan et al., 2000; Silanikove, 
2000; Mader et al., 2006).  
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Reducing heat stress by providing shade is something that has been successfully measured 
in a number of ways; successful methods, aside from DWI, include panting scores, body 
temperature, and respiration rate (Mader et al., 1997, 1999; Brown-Brandl et al., 2005; Gaughan et 
al., 2010).  Gaughan et al. (2000) found that respiration rate (RR) increased with temperature but 
was also affected by a number of other factors.  For example, as cattle became less lean, cattle, even 
those with prior exposure to hot conditions, had increased RR.  Evidence has shown that cattle are 
perhaps able to dissipate heat by “storing” it during the day and releasing it during cool nighttime 
periods by increasing RR during the night (Kabuga 1992).  A decrease in RR is not, however, always a 
sign of an animal coping with hot conditions.  Oftentimes, a decrease in RR is due to a shift in type of 
breathing from rapid open-mouth breathing to slower deep-phase open-mouth breathing (Gaughan 
et al., 2000).  A typical RR in hot climatic conditions, for instance, in a temperature range of 24 °C to 
28 °C, is between 40 and 60 bpm (Hahn et al., 1997; Gaughan et al., 2000).  Overall, this study found 
RR to be a useful indicator of thermal load.   
 Gaughan et al. (2010) observed increased body temperature, panting scores, and DWI for 
steers in non-sheltered pens compared to those with sheltered pens.  The scale of these differences 
is shown in Figures 3, 4, and 5. 
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Figure 4. Panting scores at 1200 h of feedlot steers with (■) and without (▲) access to shade over a 45-d 
period, which includes a 21-d period (d 71 to 91) of increased heat load. *Indicates a significant difference 
among treatments within a day (P < 0.05; Gaughan et al., 2010). 
Figure 3. Maximal body temperature of feedlot steers with (■) and without (▲) access to shade over a 
45-d period, which includes a 21-d period (d 71 to 91) of increased heat load. *Indicates a significant 
difference among treatments within a day (P < 0.01; Gaughan et al., 2010). 
22 
 
 
 
 
 
 
 
 
 
 
 
 
Although providing shade does not completely eliminate the impact of a high heat load as 
shown by Gaughan et al. (2010), it does seem to help decrease the effects of hot conditions on 
cattle.  It was found that DMI, an indicator of animal comfort, was 51% less for non-sheltered steers 
and only 39% less for sheltered steers, indicating that steers with access to shade were more 
comfortable.  As discussed earlier, not all studies suggest improved performance of cattle by 
providing access to shelter, but a number of them do (Mitlohner et al., 2002; Koknaroglu et al., 
2005; Gaughan et al., 2010) and none suggest that cattle actually perform better without shelter.  
Recent research in the Midwest by Gaughan et al. (2010) found that ADG, G:F ratio, and HCW 
increased, whereas mean panting scores decreased when cattle were provided shade.  Decreased 
panting scores would suggest that cattle are expending less energy, as panting scores increase 
energy expenditure by 18% (NRC, 1996). 
Figure 5. Effect of shade on water usage of feedlot steers with (■) and without (▲) access to shade over a 45-d 
period, which includes a 21-d period (d 71 to 91) of increased heat load. *Indicates a significant difference among 
treatments within a day (P < 0.05; Gaughan et al., 2010). 
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Effect of Climate on Water Intake 
 Among the factors affecting water intake, climate or weather has perhaps the greatest 
impact.  Weather includes precipitation, humidity, wind speed, thermal radiation, and, of course, 
temperature.  All these factors are a result of the surrounding climate type.  Throughout the United 
States, these factors can vary significantly, resulting in varying cattle management issues throughout 
the U.S.  For example, in the Midwest region, which includes Sioux City, Iowa, the average daily high 
is -2°C and the low -8°C in January.  In the summer heat, Sioux City, Iowa, reaches an average high of 
30°C and a low of 18°C in July.  These summer and winter time average temperatures are 
considerably different from the number one cattle-producing state, Texas, which in Dallas reaches 
an average high of 12°C and an average low of 1°C in January.  The summer temperatures in Texas 
also differ significantly from those of Iowa summers; the average high in Dallas is 36°C and the low 
24°C (WRC, 2011).  Figure 6 shows the effect of different environments on the well-being of dairy 
cows.  It shows the amount of time that these cattle spend in their thermal neutral zone (-7 to 21°C) 
for different locations.  Note that the closest location to Iowa in this figure is Sioux Falls, South 
Dakota (Harner, 2008). 
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In Figure 6, of all the different climates considered in the United States, Sioux Falls cattle 
spend the most time in cold stress and are in the middle for the amount of time spent in heat stress.  
Among the 11 different areas considered throughout the U.S. by Harner (2008), Sioux Falls is ranked 
9th for the amount of time cattle spend in their thermal neutral zone, i.e., between 20° and 70°F. 
Temperature has a great impact on cattle well-being, but other factors such as air moisture 
content, thermal radiation, and airflow have also been shown to impact total heat exchange and 
well-being (NRC 1981; Mader and Davis, 2004; Mader et al., 2006). 
Among all the factors impacting water intake of feedlot steers, weather has one of the 
greatest impacts on DWI of cattle.  Considering that cattle finished during the summer consume 
87.3% more water than do cattle finished in the winter (Arias and Mader, 2011), this DWI increase is 
a direct effect of cattle trying to reduce their thermal heat load (Beede and Collier, 1986).  As the 
heat load increases throughout the day during the summer, so does water intake (Hoffman and Self, 
Figure 6. Percentage of annual ambient hours in the thermoneutral zone of dairy cows. (Harner, 2008) 
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1972).  Although temperature has a large impact on heat exchange, and thus on water intake and 
comfort of animals, other climatic factors such as wind speed, thermal radiation, and humidity also 
have an effect (Mader and Davis, 2004; Mader et al., 2006).  Among the several climatic factors 
often mentioned to most likely affect steer water intake, the two with greatest influence on DWI 
seems to be the temperature humidity index and daily minimal temperature as shown below in 
Figures 7 and 8, respectively (Arias and Mader, 2011).   
 
 
 
The results of Arias and Mader (2011) are supported by earlier studies that showed that 
nighttime environmental conditions also play a key role in the ability of cattle to manage heat stress 
(Hahn and Mader, 1997; Mader and Davis, 2004).  Hahn and Mader (1997) determined that 
adequate nighttime recovery reduced the number of deaths in feedlot cattle, indicating the 
importance of the minimal daily temperature (Tmin).  During the night, cattle dissipate the excess 
heat, but if Tmin does not get low enough cattle will enter the following day with an accumulated 
Figure 7. Effect of humidity index on water intake (Arias and 
Mader 2011). 
Figure 8. Effect of minimal daily temperature on water 
intake (Arias and Mader 2011). 
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heat load.  Furthermore, Murphy et al. (1983) found that Tmin is an important factor in predicting 
DWI for dairy cattle.  This highlights that Tmin is an important determining factor in how much relief 
cattle experience from the heat of the day.  It is important to note that Tmax is also very important, 
considering that Tmax was reported as the major factor influencing DWI of feedlot cattle by Hicks et 
al. (1988) and Parker et al. (2000).  In past years, several factors have been found to not only affect 
water intake but to also impact overall productivity of cattle; these factors include increased 
temperature, humidity, solar load, and low air movement.  These factors can cause increased stress 
and even death in cattle, resulting in decreased productivity (Hahn and Mader, 1997).  
 It is important to consider all factors that determine the total water intake of the U.S. beef 
herd, considering that an estimated 760 billion gallons is used annually for beef production (Beckett 
and Oltjen, 1993).  Water is a vital nutrient that is often ignored because of its current abundance 
and cheap cost.  It plays a role in basically all of the body’s functions, and is the most important 
nutrient.  One of waters many important functions is to cool the body.  In fact, the best way for 
cattle to cope with extreme heat is by sweating, a very effective process in cooling the body because 
water has such a high latent heat.  Decreasing the DMI has proven to be a temporary method of 
decreasing DWI, because at moderate temperatures DMI and DWI are correlated.  All cattle 
producers in the U.S. must deal with extreme heat, the cause of heat stress, at some point.  To deal 
with thermal stress cattle producers have an option of using sprinklers, a proven effective method in 
reducing body temperature of cattle (Igono et al., 1985; Arkin et al., 1991; Armstrong, 1994).  
Providing shelter is another proven method for reducing thermal stress, because shelter has proven 
to decrease water intake during the summer (Gaughan et al., 2010; Hoffman and Self, 1976), 
providing an indication that cattle are dealing with heat without as much evaporative cooling.  In 
fact, some research suggests that providing shelter may lead to improved ADG (Mitlohner et al., 
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2002; Koknaroglu et al., 2005; Gaughan et al., 2010).  There are a range of environmental conditions 
that cattle could potentially face, depending on the climate or the region.  In the Midwest, some of 
the most extreme conditions, including extreme heat and cold, are of major importance, while in 
the South, for example in Texas, it is just the heat and not the cold.   
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CHAPTER 3. MATERIALS AND METHODS 
 The purpose of this study was to examine water consumption of feedlot steers as a 
regression over time and temperature.  This study was part of a five-year study conducted at the 
Allele Research Center, located in Northwestern Iowa, 1 mile south of Newell in Buena Vista County.  
Cattle were put into one of ten feedlots and started on one of two diets on trimonthly intervals 
coinciding with the start of each season to assess the impact of environment on year-round cattle 
feeding. 
 Yearling steers weighing approximately 700 lb and of predominately British breeding were 
used in this study.  Each steer received a Compudose implant before beginning the study.  Steers 
were sorted by weight and color pattern after initial weight was obtained and then randomly 
assorted to treatment groups. 
 One of two housing treatments were provided either an open feedlot with access to 
overhead shelter (S) or an open feedlot with no access to overhead shelter (NS).  There were ten 
feedlots total and half had S and the other half had NS.  Each feedlot contained a group of 
approximately 20 steers.  Individual steer weights were obtained once every 28 days from the 
beginning of the feeding trial until the steers were judged to be ready for market. 
 In this study, there were two dietary treatments for each housing system.  In diet 1, 85% of 
the energy came from a processed high-moisture corn grain (HMC), and the remainder of the energy 
was from whole-plant corn silage.  In diet 2, all of the energy came from whole-plant corn silage (CS; 
65% moisture).  Both diets were fed ad libitum and fortified with a protein, vitamin, and mineral 
supplement to meet all dietary requirements.  The cattle were fed once daily in the morning in 
fenceline feed bunks. 
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 Each feedlot was provided with its own waterer and the temperature of water was 
maintained at 35.6 °F or higher by an electric heater.  The floats were adjusted to keep wastage to a 
minimum, feed residue was removed regularly, and meters were checked daily to ensure accurate 
readings and so that faulty waterers would be noticed and meters could be replaced immediately if 
needed.   
 Average daily temperature recordings were collected from www.wunderground.com and 
used to calculate average weekly maximal (Tmax) and minimal (Tmin) temperatures.  The 
temperatures for each given date are those of the Cherokee, Iowa weather station, the closest 
location to Newell, Iowa with an online record of daily highs and lows.  Cherokee is located 
approximately 33.9 miles northwest of Newell. 
 The feedlots without access to overhead shelter had a 7-foot wooden fenceline on the north 
end to prevent direct northerly wind exposure.  The feedlots measured 100 by 35 feet and were 
oriented in a north to south direction with a 4% slope to the south.  With 20 animals per pen, each 
steers share was approximately 170 square feet.  The other sides of the feedlots were lined with 
steel cable strands supported by wooden fence posts set at 9 foot intervals.  Each pen was provided 
with a wooden feed bunk large enough so that each steer had 1.5 to 2 feet of eating space per head.  
A 12-foot driveway was situated between each pair of pens to provide access to the fenceline 
feedbunks. 
 The feedlots with overhead shelter were enclosed on all sides except for the south side, 
allowing cattle to enter and leave the shelter according to their comfort.  The overhead shelter 
provided steers with an additional 45 sq. ft. of space under the roof compared to those without 
overhead shelter. 
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 This study included 10 feedlots that had 7 groups of 20 cattle fed for a period of time in each 
feedlot throughout the five-year study.  The diets were rotated for each new group of steers, e.g. if 
feedlot 1 was supplied CS for the first group of 20 steers, the following group of 20 steers were fed 
HMC.  Half of the 10 feedlots were fed one of two diets during each given season of the year. 
Termination of a trial occurred when individual steer weight averaged approximately 1100 lb, or 
when it was judged that cattle had achieved optimal quality and yield grades.  Thus, cattle that were 
fed predominately HMC were processed after 160 to 173 days in this study and CS fed cattle after 
217 to 271 days in this study. 
 The average water consumption per steer per treatment was evaluated separately 
depending on whether the cattle were provided either S or NS or were fed either HMC or CS.  The 
feedlots of cattle were combined into regression plots with Microsoft Excel (2007) based on 
whether or not they were provided S or NS and on whether they were fed HMC or CS .  Shelter by 
diet combination was also examined in regression plots. Three regression plots were made for each 
category, producing a total of 12 plots.  Among the three regression plots per category, there was a 
plot that compared water intake to maximal weekly temperature average, a second that compared 
water intake to minimal weekly temperature average, and a third that compared water intake to the 
day of year (starting with January 1st).  Maximal weekly temperature average and minimal weekly 
temperature average had simple and polynomial regression plots made and day of year had only a 
polynomial regression plot made as this was clearly the best fit. The four categories were S, NS, 
HMC, and CS.   
 These feedlots were also examined on the basis of the combination of whether the steers in 
the feedlots were given shelter or not and on what the steers were fed.  Data was further separated 
into the following four groups: S and HMC, NS and HMC, S and CS, and NS and CS, adding 12 more 
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regression plots for a total of 24.  Each category had a regression plot of average water intake in 
gallons per steer as a function of the day of year, average Tmax and Tmin per week.   
 Also, all of the five-year information on water intake was compiled into four non-specific 
regression plots in which the information from all feedlots was combined, creating a plot with 
average water intake in gallons per steer as a function of the day of year, average Tmax and Tmin 
per week, with the addition of a regression plot showing steer weight as a function of average DWI 
of steers per feedlot.  Having regression plots of steers under various specific conditions will 
hopefully provide useful information for all feedlot systems rather than just for any one specific 
feedlot situation.  Microsoft Excel (2007) was used to generate the regression plots, which show 
how DWI is affected by temperature, day of year, and steer weight. 
 To create an equation for predicting steer water intake, SAS (SAS Inst. Inc., Cary, NC) was 
used.  The SAS program was used to generate a two-way ANOVA table in which S, NS, HMC, CS, 
Tmax, and DMI effects were evaluated.  A proc mixed procedure was used to generate the two-way 
ANOVA table or “Type 3 Tests of Fixed Effects” and a “Solution for Fixed Effects” table.  This allowed 
the slope or increase in rate of water intake for all effects to be compared, and thus produced a 
formula for predicting steer water intake.   
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CHAPTER 4. RESULTS AND DISCUSSION 
To determine whether any factors had a statistically significant effect on steer water intake, 
SAS (SAS Inst. Inc., Cary, NC) was used.  The SAS program was used to generate a two-way ANOVA 
table in which shelter (S), no shelter (NS), high-moisture corn grain (HMC), corn silage (CS), maximal 
temperature (Tmax), and daily dry matter intake (DMI) effects were evaluated.  The proc mixed 
procedure was used to generate the ANOVA as “Type 3 Fixed Effects” and parameter estimates 
under “Solution for Fixed Effects”.  A model for predicting water intake was made and was simplified 
to only include significant effects.  Finally, two tables and two graphs were created from the 
prediction equation, in which all values were converted from log form to gallons by exponentiating 
the log values.  These figures allow the visualization of how S, NS, HMC, CS, Tmax, and DMI all affect 
water intake. 
 
 
                   Num              Den 
Effect             DF               DF               F value               Pr > F 
 
Diet                1               55                22.21                <.0001 
Tmax                1             1794              1506.56                <.0001 
Tmax*Diet           1             1794                17.64                <.0001 
DMI                 1             1794                19.09                <.0001 
DMI*Diet            1             1794                 5.02                0.0252 
Tmax*housing        1             1794                 9.65                0.0019 
 
The ANOVA table (Table 1) shows that the slope (rate of increase) in water intake is 
different from zero for both Tmax and DMI (P<0.01).  Also, the slope for water intake differs 
between the two diets for both Tmax (P<0.01) and DMI (P<0.05).  Furthermore, the slope for water 
intake differs between the two housing systems for Tmax (P<0.01). 
 
 
Table 1. Type 3 tests of fixed effects 
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Standard 
effect      Housing Diet    Estimate      Error      DF    t value    Pr > |t|  Symbol 
 
Intercept                     0.4375     0.08586       9       5.10      0.0006   u 
Diet                CS        0.4379     0.09291      55       4.71      <.0001   a 
Diet                HMC            0           .       .        .         . 
Tmax                         0.01528    0.000667    1794      22.92      <.0001   b_0 
Tmax*Diet           CS      -0.00314    0.000748    1794      -4.20      <.0001   b_1 
Tmax*Diet           HMC            0           .       .        .         . 
DMI                          0.01349    0.003948    1794       3.42      0.0006   b_2 
DMI*Diet            CS      -0.00914    0.004083    1794      -2.24      0.0252   b_3 
DMI*Diet            HMC            0           .       .        .         . 
Tmax*housing  NS             0.00162    0.000523    1794       3.11      0.0019   b_4 
Tmax*housing   S                   0           .       .        .         . 
 
Overall, log water intake showed an increase as either Tmax or DMI increased (Table 2; 
P<0.01).  The rate of increase was lower for the CS diet for both Tmax and DMI (P<0.01).  The results 
suggest that the two diets were also different in terms of mean log water intake (P<0.01).  The mean 
log water intake for S and NS cattle were not significantly different, however the rate of increase in 
terms of temperature differed significantly between S and NS (P<0.01).  That is to say, when diet and 
DMI are held constant, the NS cattle showed a greater increase in log water intake as Tmax rose.  
The Tmax and Tmin are closely related, so Tmin was not included in the statistical analysis as it 
would result in multicollinearity.  
With the information generated, in the solution for fixed effects (Table 2), a predictive 
model for steer water intake was generated.  The symbols are listed in the right hand column of 
Table 2, where the estimate for each given parameter can be used in the equation for predicting 
water intake and where log(y) is the log of water intake.  Finally, Tmax = the maximal weekly 
temperature average in °F, DMI = amount of DMI in lb, housing = 0 if S and housing = 1 if NS, diet = 0 
if HMC and 1 if CS. Thus, log( y) = u + a*diet + b_0*Tmax + b_1*Tmax*diet + b_2*DMI + 
b_3*DMI*diet + b_4*Tmax*housing. When using the appropriate estimates from the solution for 
Table 2. Solution for fixed effects 
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fixed effects this formula can be written as log(water intake) = 0.43750 + 0.43790*diet + 
0.01528*Tmax + -0.00314*Tmax*diet + 0.01349*DMI + -0.00914*DMI*diet + 
0.00162*Tmax*housing.   
Using the Solution for Fixed Effects in Table 2 and the equation above, the impact of S can 
be estimated.  The effect of having S compared to NS has on cattle depends on Tmax.  Assuming two 
groups of cattle have the same diet and amount of DMI, the log water intake will only increase by 
0.0153 for every 1 degree increase in temperature (°F) for S cattle.  The log water intake will 
increase by 0.0016 + 0.0153 = 0.0169 for every 1 degree increase in temperature (°F) for NS cattle, a 
slightly greater rate of increase.  
When comparing the two diets the difference in water intake also depends on Tmax which 
will also affect treatment.  So the difference in water intake between the two diets depends on what 
the temperature is.  If the temperature is 40°F for example, S cattle fed CS will consume 4.1631-
3.4940 = 0.6691 gallons more water than S cattle fed HMC (Table 3).  At 80°F however S cattle fed CS 
will consume only 6.7656 – 6.4382 = 0.3274 gallons more water than S cattle fed HMC.  This 
variation in water intake difference is due to the fact that temperature affects S and NS groups of 
cattle differently according to diet. 
The predictive equation was used to generate log values in Excel for any combination of 
Tmax, housing, diet, or DMI.  With this Excel worksheet it was possible to produce values on a log 
scale representing water intake under a number of conditions.  These log values were however 
converted to more meaningful values by exponentiating them and then graphing them in Figures 9 
and 10.  These exponentiated values were also included in Tables 3 and 4.  Figure 9 and Table 3 
demonstrate the impact of temperature, housing, and diet on water intake. 
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Temperature (°F)          S/CS       S/HMC      NS/CS       NS/HMC 
  40 4.1630       3.4940       4.4424 3.7285 
  60 5.3071       4.7429       5.8503 5.2283 
  80 6.7656       6.4382       7.7042 7.3314 
100 8.6249       8.7395     10.1457        10.2805 
 
 
 
 
Figure 9 and Table 3 demonstrate not only the impact of temperature on water intake, but 
also the impact of housing and diet on water intake in relation to changing temperature and fixed 
DMI.  The effect CS diet has on water intake is greater than the effect of NS at < 60°F,  beyond this 
point NS has a greater impact on water intake as demonstrated by the NS and HMC cattle (blue, 
Table 3. Effect of temperature on water intake (gallons/day) when DMI held constant at 15 lb/day according to prediction 
equation 
Figure 9. Effect of temperature on water intake according to prediction equation. 
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dashed line) passing the S and CS cattle (red, solid line).  Once temperatures above 60°F are reached 
the significance of impact on water intake is shifted from diet to whether the cattle were provided 
shelter.   Also note that cattle with the highest water intake at 40°F are cattle fed CS.  Cattle at > 80 
°F consume more water in the NS group regardless of diet. 
Also, from Table 2, it is shown that water intake increases by 0.0134 on a log scale per unit 
of DMI increase for cattle on a HMC diet when all other factors are held constant, and for cattle on a 
CS diet water intake increases by (0.0134-0.0091) or 0.0043 on a log scale per unit DMI increase.  
How much water intake is increased depends on how much DMI is increased.  For example, if all 
factors are held constant for a group of HMC fed cattle other than DMI and these cattle were 
consuming 10 lb of DM per day and ended up doubling their DMI, water intake would increase by 
approximately 10*0.0134 = 1.1434 times that consumed on 10 lb of DMI.  Figure 10 and Table 4 
show the impact that DMI has on water intake for cattle with or without shelter and for the two 
diets, while temperature is held constant at an arbitrary 40°F. 
 
 
 
 
 
Dry matter 
intake (lb)           S/CS           S/HMC           NS/CS           NS/HMC 
       5 3.9858 3.0531 4.2534 3.2580 
10 4.0735 3.2661 4.3469 3.4853 
20 4.2546 3.7378 4.5401 3.9887 
40 4.6413 4.8954 4.9528 5.2240 
 
Table 4. Effect of DMI on water intake (gallons/day) when temperature held constant at 40°F according to prediction  
equation 
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Table 4 and Figure 10 show that sheltered cattle consume slightly less water when the 
average temperature is at 40°F for both diets, but it also shows that the HMC diet has a much 
greater impact than shelter at mild temperatures.  It is evident from this graph that CS fed cattle 
have the highest water intake at a moderate temperature of 40°F and when DMI is < 20lb. The 
NS/HMC group of cattle eventually consume more water, but only when DMI is near 40lb. 
Figure 10. Effect of dry matter intake on water intake according to prediction equation. 
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y = 0.0814x + 1.1462 
R² = 0.45 (Linear) 
y = 0.0012x2 - 0.05x + 4.1683 
R² = 0.49 (Polynomial) 
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When looking at the raw data of steer water intake and comparing it to Tmax, Tmin, day of 
year, and steer weight, trends can be found in the data.  According to the R² value, the best 
predictor of water consumption when looking at a polynomial regression is Tmax (R²=0.49, Figure 
11), day of year (starting with January 1st; R²=0.43, Figure 12), followed by Tmin (R²=0.41, Figure 13), 
and live weight of steers (R²=0.05, Figure 14).  
 
 
 
 
Figure 11. Effect of average weekly maximal temperature on average weekly water intake of steers per feedlot. 
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Figure 13. Average daily water  
    
 
 
 
y = -2E-13x6 + 2E-10x5 - 7E-08x4 +  
7E-06x3 + 0.0004x2 - 0.038x + 4.3333 
R² = 0.43 (Polynomial) 
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Figure 12. Average daily water intake throughout the year. 
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R² = 0.41 (Polynomial) 
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Figure 13. Effect of average weekly minimal temperature on average weekly water intake of steers per lot. 
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Figure 14. Effect of steer live weight on average weekly water intake of steers per feedlot. 
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When looking at plots based on whether steers were provided S or NS and fed HMC or CS, 
the NS and HMC plot (Figure 15) has the highest R² value of 0.73 for Tmax plots, which means that 
water intake is most predictable in these feedlots. 
 
 
 
 
 
 
 
 
 
 
Figure 15. Water intake patterns for steers provided no shelter and high-moisture corn grain compared to maximal weekly 
temperature averages. 
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y = 0.0016x2 + 0.0042x + 3.2074 
R² = 0.64 (Polynomial) 
y = 0.1081x + 2.2255 
R² = 0.58 (Linear) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
-20 0 20 40 60 80 
W
at
er
 in
ta
ke
 (
ga
llo
n
s 
o
f 
w
at
er
/d
ay
) 
Average minimum weekly temperature (°F) 
Also, water intake compared to Tmin and day of year (Figures 16 and 17) is more highly 
predictable for NS and HMC feedlots than for all other feedlot combinations with a Tmin R² value of 
0.64 and a 0.62 R² for the water intake compared to day of year.  
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Water intake patterns for steers provided no shelter and high-moisture corn grain compared to minimal weekly 
temperature averages. 
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Figure 17. Water intake patterns for cattle provided no shelter and high-moisture corn grain compared to day of year. 
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The reason for these feedlot combinations being so highly predictable is most likely because 
HMC feedlots have such highly predictable water intake with R² of 0.65 for Tmax (Figure 18).  Similar 
findings for the remainder of the data for HMC fed steers can be observed as the water intake for 
Tmin and day of year plots are more highly predictable than the data from CS fed feedlots or S and 
NS feedlots with an R² of 0.60 for Tmin and 0.59 for day of year (Figures 19 and 20).  
 
 
 
 
 
 
 
 
Figure 18. Water intake patterns for steers provided high-moisture corn grain compared to maximal weekly temperature 
averages. 
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Figure 19. Water intake patterns for steers provided high-moisture corn grain compared to minimal weekly temperature 
averages. 
 
 
Figure 20. Water intake patterns for steers provided high-moisture corn grain compared to day of year. 
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The Tmax plot (Figure 11) is in agreement with observations by Winchester and Morris 
(1956).  That is, there is little change in water consumption from 10° to 40°F and from this point 
water intake increases at an accelerating rate with increasing temperature.  The explanation for this 
being that cattle do not consume additional water to cope with warm temperatures until 40°F is 
reached.   
It is important to understand factors affecting water intake from a feedlot producers 
perspective considering one must be able to determine whether the producer can provide 
continuous and sufficient amounts of water in hot dry conditions. One of waters many important 
functions is to cool the body.  In fact, the best way for steers to cope with extreme heat is by 
sweating, which is very effective in cooling the body because water has such a high latent heat.   
Decreasing the DMI has proven to be a temporary method in decreasing DWI, because at moderate 
temperatures DMI and DWI are correlated (Hicks et al., 1988; NRC, 1996).  Extreme heat is 
something almost all cattle producers in the U.S. must deal with at some point.  To deal with 
thermal stress cattle producers have the option of using sprinklers, which has proven effective in 
decreasing body temperature of steers (Igono et al., 1985; Arkin et al., 1991; Armstrong, 1994).  
Also, S is another way to decrease thermal stress.  As was found in this study, others have reported 
a decrease in DWI during the summer as illustrated by Gaughan et al. (2010) and by Hoffman and 
Self. (1972).  In fact, some research suggests that providing shelter may lead to improved ADG 
(Mitlohner et al., 2002; Koknaroglu et al., 2005; Gaughan et al., 2010).  There are a range of 
environmental conditions such as climate or location that steers could face that could impact DWI.  
In the case of this study, Iowa or the Midwest was the only type of environment evaluated.  It is an 
environment that boasts some of the most extreme types of whether conditions on steers and thus 
provided a good model to test the effects of environment on steers.  
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The Appendix provides additional Figures illustrating the impact of S, NS, HMC and CS, and 
their interactions upon DWI. 
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CHAPTER 5. SUMMARY 
The data evaluated takes a detailed look at the relationship between water intake and 
temperature.  By comparing weekly temperature averages, both maximal and minimal, to average 
weekly water intake, we are able to understand under what environmental conditions this 
relationship is greatest and what conditions lead to the most water intake.  Water intake from 
average maximal weekly temperature (Tmax) is most predictable for feedlots of steers that were 
provided no shelter (NS) and were fed a high-moisture corn diet (HMC).  This was also the case for 
steers when considering the time of year.  When considering all of the data in one regression plot it 
is clear that Tmax is the single best predictor for water intake.  It is also clear from evaluating all of 
the data in one regression plot that steer weight is a very poor predictor for water intake with a R² 
value of 0.08, indicating that the size of animal likely does not significantly impact water intake. 
When considering the log water intake it was found that there was a significant increase 
with an increase in Tmax and DMI.  Also, it was found that this rate of increase is significantly lower 
for a corn silage (CS) diet compared to HMC diet in response to both Tmax and DMI.  We also found 
that the two diets are significantly different for mean log water intake, but this was not the case for 
the shelter (S) and NS treatments.  However, when diet and DMI are held constant, NS cattle 
showed greater increase in log water intake with an increase in Tmax.   Together the regression 
plots and the results of the prediction model created by SAS highlight how many factors can play a 
role in water intake and how much each variable can impact it. 
Using the prediction equation allows one to see how housing, diet, DMI, and Tmax all affect 
water intake.  By holding DMI constant, the water intake of cattle from different housing conditions 
and diets can be compared with respect to the effect of Tmax.  This Figure shows that the effect CS 
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diet has on water intake is greater than the effect of NS at <60°F, beyond this temperature having 
NS has a greater impact on water intake.  This allowed the comparison of water intake for the 
different housing conditions and diets with respect to increasing DMI and holding temperature 
constant.  It is clear that at moderate temperatures such as 40°F, the HMC diet has a much greater 
impact on water intake than the impact of having S or NS.  Also, it is evident that CS fed cattle 
consume more water than HMC fed cattle until DMI is nearly 40 lb. 
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APPENDIX 
Figure 21. Water intake patterns for steers provided shelter and high-moisture corn grain compared to maximal weekly 
temperature averages. 
 
 
Figure 22. Water intake patterns for steers provided shelter and high-moisture corn grain compared to minimal weekly 
temperature averages. 
y = 0.073x + 1.074 
R² = 0.60 (Linear) 
y = 0.001x2 - 0.0359x + 3.5829 
R² = 0.64 (Polynomail) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
0 10 20 30 40 50 60 70 80 90 100 
W
at
er
 in
ta
ke
 (
ga
llo
n
s 
o
f 
w
at
er
/d
ay
) 
Average maximum weekly temperature (°F) 
y = 0.0774x + 2.6458 
R² = 0.57 (Linear) 
y = 0.0009x2 + 0.0152x + 3.2565 
R² = 0.60 (Polynomial) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
-20 -10 0 10 20 30 40 50 60 70 80 
W
at
er
 in
ta
ke
 (
ga
llo
n
s 
o
f 
w
at
er
/d
ay
) 
Average minimum weekly temperature (°F) 
50 
 
 
 
 
Figure 23. Water intake patterns for steers provided shelter and high-moisture corn grain compared to day of year. 
 
Figure 24. Water intake patterns for steers provided shelter and corn silage compared to maximal weekly temperature 
averages. 
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Figure 25. Water intake patterns for steers provided shelter and corn silage compared to minimal weekly temperature 
averages. 
 
Figure 26. Water intake patterns for steers provided shelter and corn silage compared to day of year. 
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 Figure 27. Water intake patterns for steers provided no shelter and corn silage compared to maximal weekly temperature 
averages. 
 
Figure 28. Water intake patterns for steers provided no shelter and corn silage compared to minimal weekly temperature 
averages.  
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Figure 29. Water intake patterns for steers provided no shelter and corn silage compared to day of year. 
 
Figure 30. Water intake patterns for steers provided shelter compared to maximal weekly temperature averages. 
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Figure 31. Water intake patterns for steers provided shelter compared to minimal weekly temperature averages. 
 
Figure 32. Water intake patterns for steers provided shelter compared to day of year.  
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Figure 33. Water intake patterns for steers provided no shelter compared to maximal weekly temperature averages. 
 
 
 
Figure 34. Water intake patterns for steers provided no shelter compared to minimal weekly temperature averages. 
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Figure 35. Water intake patterns for steers provided no shelter compared to day of year. 
 
Figure 36. Water intake patterns for steers provided corn silage compared to maximal weekly temperature averages. 
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Figure 37. Water intake patterns for steers provided corn silage compared to minimal weekly temperature averages. 
 
Figure 38. Water intake patterns for steers provided corn silage compared to day of year. 
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